One approach to the study of the mechanism of multienzyme systems is resolution of the constituent parts and reconstitution of the system from the purified components. This has proved to be difficult in the case of oxidative phosphorylation because the catalytic units also form an integral part of the mitochondrial structure and thus appear to have a dual function. Resolution is further complicated by the association of the enzymes with the insoluble structural protein and phospholipid. The resolved components often show alterations in properties due either to changes produced by the isolation methods or to a change in environment from a particle-bound state to a free soluble protein. A major step in this direction was made in 19581, 2 when it was found that a soluble protein fraction from mitochondria stimulated phosphorylation in submitochondrial particles (see Table 1 ). Since these soluble proteins were concerned with reactions leading to ATP synthesis, they were given the operational name of "coupling" factors. A more appropriate name would be "energy transfer" factors since they appear to be acting in the steps subsequent to the coupling event. A factor that has been studied in detail is F1 which has high ATPase activity.3 Another preparation, Factor A, which shows similar stimulatory activity in several energy-linked reactions has been isolated in our laboratory.4' 5 This protein has no ATPase activity but can be converted to as active an ATPase as F1 by exposure to elevated temperatures. It has been suggested that the factor, as it occurs in mitochondria, has no inherent ATPase activity,3' 5 but the hydrolytic property is induced as a result of changes in environmental conditions during the isolations At least three other factors closely related to F1 have been reported (Table 1) .
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The claims for additional factors have proliferated during the last few years. However, the only other extensively purified protein is Factor B. The role of the purified ADP-specific nucleotide diphosphokinase (ADP-ATP exchange enzyme) and of the phosphoryl-transferase in oxidative phosphorylation needs further exploration. The status of the remaining factors is uncertain since they have not been adequately purified, and milligram quantities are needed for significant effect on similar amounts of particle protein. are premature. For example, it has beeii suggested that Factor B "may be identjal with F3".6 However, the tendency of F3 (still relatively crude) to undergo polymerization6 and its stability to iodine treatment7 are properties that are not shared by Factor B.9 Implicit in the approach to the study of oxidative phosphorylation by resolution of the mitochondrial components is the concept of high-energy intermediates and stepwise transfer of energy for ADP phosphorylation. The intermediates could actually be activated forms of energy transfer factors in which the activa-tion occurs by interaction of the active sites with each other or with the respiratory carrier. Thus, the isolation and characterization of the energy transfer factors would be prerequisite for the identification of the chemical steps in oxidative phosphorylation.
The factors with ATPase activity, overt or latent, are evidently concerned with the terminal reaction leading to the synthesis of ATP from ADP. In the case of Factor B,8 no individual enzyme activity has been observed. It is assayed by its ability to stimulate energy-linked reactions when added to deficient particles. It could be acting as an energy transfer enzyme, as a stabilizer, as a structural component, or by removing an inhibitor. By taking advantage of its mercurial sensitivity and of the activation of several types of energy-linked reactions, it is now possible to localize the site of action of Factor B in the sequence of energy transfer steps.
Materials and Methods.-The preparation of ammonia and EDTA-treated particles and of Factor B have been described. 8 The Factor B used in many of these experiments was purified in the later steps in the presence of DTT9 and was also subjected to purification by sucrose density gradient centrifugation. The purified protein migrated as a single band in polyacrylamide disc electrophoresis comprising over 95% of the protein and Results.-Mercurial inhibition of A TP-driven reactions: Factor B increases P/0 and stimulates energy-linked reactions in the ammonia particle.8 It has been shown recently that the activity of Factor B is inhibited by CMIPS and restored by DTT, indicating that the factor has functional -SH group.9 It is thus expected that energy-linked reactions involving bound Factor B in nondepleted particles should be sensitive to mercurials. In fact, the ATP-Pi exchange is inhibited 85 per cent by 150 ,M CMIPS while similar levels of the mercurial have no effect on the ATPase activity of ETPH (see also ref. 12). The inhibition is reversed by 5 mM DTT. These results clearly show that -SH groups may not be essential for the segment of the energy transfer reactions concerned with the ATPase (see Fig. 1 ) but are essential for the segment concerned with the ATP-Pi exchange reaction. The mercurial also inhibits the ATP-driven nicotinamide nucleotide transhydrogenase (60% at 67 I.lAMI), while in the energy-independent direction the reaction is only 23 per cent inhibited.
Stimulation of ATP-driven reactions by Factor B: Factor B stimulates oxidative phosphorylation and ATP-driven NAD reduction by succinate in the ammonia particle, but it has only slight inhibitory effect, if any, on the ATPase activity.8 As shown in Table 2 , Factor B also stimulates ATP-Pi exchange activity fivefold and the ATP-driven transhydrogenase activity threefold.
Effect of mercurials on reactions driven by oxidative energy: The ellergy-dependent transhydrogenase when driven by coupling to the oxidation of ascorbate-TMPD (via the cytochrome oxidase) is inhibited 89 per cent by 10 /AM CMIPS. In the chemiosmotic hypothesis, A-C would be replaced by a proton gradient.1 In the mechanochemical model12. 14, 15 an energized state involving a conformation change in a protein would take the place of some of the intermediates. The span of the vertical arrows on the right indicates the segment of the system involving the particular component. The ATPase activity of mitochondria is oligomycin-sensitive and involves Factor A as well as other unidentified components. The ATP-Pi exchange apparently includes even more factors, designated X and C. The energy-dependent transhydrogenase may utilize X -C, according to present concepts of the mechanism of oxidative phosphorylation.
Thiol participation in the production of oxidation-dependent proton gradient:
Chance and Mela'6 17 devised a pH indicator technique for measuring H+ gradient in mitochondria and submitochondrial particles. In their studies, the change associated with the oxidation of NADH or succinate has been documented. 17 Since these oxidations are susceptible to inhibition by mercurials under appropriate conditions, a method has been devised for the use of substrates that feed electrons in the mercurial-insensitive'8 cytochrome oxidase region. Toluylene blue (TB) (E' = 0.115 volt) has proved to be a more satisfactory intermediary electron carrier than TMPD or cytochrome c. The absorbance decrease resulting from ascorbate-TB addition to the particle is reversed completely by sulfide, which inhibits cytochrome oxidase, and by FCCP, an uncoupler of oxidative phosphorylation. Antimycin and rotenone do not affect the reaction (data are not shown). BTB color change is discharged also by 10 1AM mersalyl and reestablished by DTT, indicating participation of -SH in its appearance (Fig. 2 , trace on left). An unusual requirement for sensitivity of the system to mercurials is the presence of BSA in the medium. In the absence of BSA, the magnitude of the absorbance change is greater,'7 but inhibition by the mercurial is minimal (Fig. 2, right trace) . Similar results have been observed with NADH as the substrate and with the ATP-driven production of the BTB color change. Again, the presence of BSA is needed to potentiate or enhance the mercurial effect in discharging the gradient. This need for BSA is not seen with any of the other 6 pmoles ATP, 80 pmoles ethanol, 2 mg BSA, and 100 jig alcohol dehydrogenase in 2.95 ml at pH 7.8. After incubation for 2 min at 380, the reaction was initiated with 0.05 ml of 0.03 M NADP. Since a stored preparation of Factor B which generally shows stimulation by DTT9 was used in this experiment, 0.17 mM DTT was also present in the assay medium.
ATP-Pi exchange: Ammonia particles (1 mg protein) was incubated with 10 Amoles of phosphate, 4.4 X 104 cpm of 32p, 5 Aumoles MgCl2, and 50 gmoles Tris-sulfate in 0.9 ml, pH 7.5 at 300 for 2 min. The exchange reaction was initiated by the addition of 5 umoles ATP in 0.1 ml. The reaction was stopped with 0.5 ml of 20% TCA 5 minutes after the addition of ATP. A fresh preparation of Factor B, which does not require DTT for activity, was used in this experiment.
a The stimulation of the reaction by Factor B was first observed by Dr. Joseph B. Warshaw in this laboratory.
assays mentioned previously, which essentially rules out a role of BSA in assisting the accessibility of the mercurial to the -SH site in the particle.
Discussion.-The participation of -SH in oxidative phosphorylation reactions has been documented by several workers.'2 19-24 Evidence has been presented that the -SH functions in an energy-transfer reaction occurring between the respiratory chain and the site of oligomycin inhibition. 23 24 The results presented here are consistent with previous data and conclusions. The only reaction that is insensitive to thiol inhibitors is the oligomycin-sensitive ATPase. Reactions utilizing the energy from ATP are all inhibited by mercurials, and the inhibition is reversed in each case by DTT. These reactions are also stimulated by Factor B (Table 2 and ref. 8 ) which has a functional -SH group.9 The simplest hypothesis would assume that the site of mercurial inhibition in the above reactions is the endogenous Factor B in the particles. However, involvement of other -SH groups in the multistep energy transfer reactions must be recognized as a distinct possibility.
The results with reactions driven by oxidative energy, particularly those coupled to the mercurial-resistant cytochrome c oxidation, also point to -SH involvement in the energy transfer reactions. These reactions are best carried out in the presence of a high level of oligomycin to prevent the breakdown of the energized intermediates. The utilization of the oxidative energy for the energy-requiring transhydrogenase reaction and the pH gradient across the membrane is inhibited by mercurial (Fig. 2) , and the inhibition is reversed by DTT. In all these experiments, it has been observed that reactions driven by coupling to aerobic oxidation appear to be more sensitive to CMPS inhibition than the ATP-driven reactions. For example, ATP-driven transhydrogenase is inhibited 60 per cent by 67 AM CMPS while 10 AM CMPS shows 88 per cent inhibition of the same reaction driven by ascorbate-TMPD oxidation. The discrep- ancy may be attributed either to unrecognized minor differences in experimental conditions, or to the involvement of another -SH group which is functional only when energy is provided by oxidation. In most of these experiments, the bovine serum albumin present in the medium was approximately 10 AM. It has one -SH per molecule which may provide competition for the mercurial.
Two of the simpler mitochondrial reactions related to oxidative phosphorylation are ATPase and ATP-Pi exchange, since they appear to be independent of red-ox reactions. The exchange reaction requires the preservation of an energized intermediate (X' -C) and liberation of Pi in the medium so that when the reaction is reversed, 32Pi can be incorporated into ATP. Breakdown of an intermediate in the energy transfer sequence leads to ATPase activity. Both reactions are inhibited by oligomycin while only the exchange is inhibited by mercurials. Thus, the oligomycin-sensitive ATPase site (or, more correctly, the site of energy discharge) must lie between X--C and ATP, as represented by the empty block in Figure 1 .
It is seen from Figure 1 that the intermediate common to all the mercurialsensitive reactions is the nonphosphorylated X-C intermediate. The results on inhibition of partial reactions by mercurial suggest that an -SH group may be associated with X or C, or involved in the formation of X--C both from ATP and from respiration. It is also apparent from Figure 1 that the same intermediate is common to all of the ATP-driven reactions that are stimulated by Factor B (NAD reduction by succinate, transhydrogenase, and ATP-Pi exchange-ref. 8 and Table 2 ). Therefore, the data are consistent with the conclusion that the -SH-containing Factor B is X or C, or a component concerned with the synthesis of X-C. Summary.-Several energy-linked reactions driven by ATP or by coupling to cytochrome c oxidation have been examined for -SH involvement, with inhibition by mercurials and reversal by thiols as the criteria. The same reactions have been tested for activation by the highly purified -SH-containing mitochondrial energy transfer (coupling) factor, Factor B. Mercurials inhibit ATP-Pi exchange and ATP-driven transhydrogenase (NADP reduction by NADH), but do not inhibit the ATPase reaction in heart mitochondrial particles. The mercutials also inhibit the transhydrogenase reaction and the establishment of a proton gradient when the energy supply is coupled to ascorbate oxidation. The inhibition is reversed in all instances by dithiothreitol. Factor B, which has a functional thiol group, stimulates all reactions driven by ATP, except the ATPase, in the phosphorylation-deficient ammonia-EDTA particle. In terms of the present concepts of the mechanism of mitochondrial oxidative phosphorylation, Factor B has the properties expected of X or C in the hypothetical X -C intermediate or of some component involved in the synthesis of X-C.
Abbreviations: CMPS for p-chloromercuriphenylsulfonate, DTT for dithiothreitol, FCCP for trifluoromethoxycarbonylcyanide phenylhydrazone, BSA for bovine serum albumin, TMPD for N,N,N',N'-tetramethyl-p-phenylenediamine, TB for toluylene blue, and BTB for bromthymol blue.
